Abstract -Considering the disadvantages of induction motor drive such as torque ripple and current waveform distortion when using direct torque control (DTC) method, the method substitution might improve the drive behaviour. The authors suggest instead of the DTC method using the predictive method based on similar principles. In the paper, both methods are examined. Then on the induction motor drive yet controlled by DTC algorithm, the predictive method is implemented and performances of both control strategies are compared.
In recent time, in the field of electric drives, the most widely used one is a drive with an induction motor because of its simplicity, robustness, and low price. On the other side, such induction motor drive needs sophisticated control algorithms if specific control is required. In many applications, the strategy called direct torque control (DTC) is utilized. This strategy was developed in 1986 when Isao Takahashi and Toshihiko Noguchi presented their new induction motor drive control algorithm [1] . The method is relatively easy to implement. However, one of the main disadvantages is relatively high ripple in torque waveform that is due to the difficulties in maintaining the desired hysteresis. Some modifications to eliminate this disadvantage have been performed since then. For example, the DTC enhancements using space vector modulation [2] , decomposition of the flux space vector into more sectors [3] or the use of multilevel inverter [4] . This paper deals with an attempt to substitute the DTC algorithm in a specific induction motor drive by predictive method consisting in the similar principles as the classical DTC algorithm. The used predictive method is based on prediction of voltage vector that should eliminate the torque ripple while maintaining the same number of switching of the power transistors [5] and [6] .
III. METHODS

A. Direct Torque Control
Generally, there is a variety of equivalent ways of expressing the torque generated by the induction motor. The one used to derive this control strategy involves vectors of stator and rotor magnetic fields and it is expressed as (1).
(1)
From the equation, it is clear that the generated torque is dependent on the amplitudes of vectors of both magnetic fields, as well as on the angle between these two vectors. Typically, constant amplitudes of magnetic field vectors are required in an electric machine. Accepting this demand, the only possible way of changing the torque is to change the angle between the magnetic flux vectors. It is easy to change the stator flux vector very quickly by means of the supplying voltage. The rotor flux vector then follows the stator flux vector with certain delay dependent on the induction motor parameters. This feature is employed in this control strategy. The aim of the strategy is to manipulate the supply voltage in such a way that the angle (and therefore a generated torque) is being held in a certain range of values. At the same time, it is possible to maintain the amplitude of stator magnetic flux at its desired value.
In the algorithm, in every step, the actual torque and flux amplitude are calculated and compared to their references. Then using hysteresis controllers, the information, in which directions should the torque and flux amplitude move, is obtained. The flux vector position is identified and according to the directions and table the most suitable vector is selected. The most commonly used table is shown in table 1 and the block diagram of the method is depicted in figure 1. 
Fig. 1 Block diagram of the DTC method
B. Predictive Control
The method that should replace the DTC method is based on the similar principle. It comes out from the same equation for generated torque. But, unlike the DTC method, in every step, it calculates not only torque and stator flux vector but moreover the rotor flux vector. Thanks to this, the algorithm has better knowledge about the angle and it can calculate in advance how would any voltage vector affect the torque waveform and choose the most suitable one. The predictive part consists in the following principles.
The voltage vector on the stator is described by well-known equation of the induction motor (2) and after its discretization it is rewritten for actual step as (3) and for the next step as (4).
The voltage vector u s (k+1) is the desired value. In the equation above, all variables are known from either measurement or from mathematical model of the motor that is also used in DTC strategy except the magnetic flux vector of the very next step ψ s (k+1).
The flux vector can be defined as its amplitude and phase as (5). (5) As the amplitude of the flux vector changes slowly and we want to reach the reference, it is possible to regard the reference value of amplitude as the next step value. The correct determination of the angle is then critical for the accuracy of the method. The relations between flux vectors are depicted in figure 2 
Fig. 2 Relations between magnetic fluxes
and the necessary equation is expressed as (6). (6) As the strategy uses mathematical model of induction motor, the rotor magnetic flux vector is also being calculated. Therefore, the first part of the equation is known. From the equation (1), the angle between stator and rotor flux can be expressed as (7). (7) As the value of the next step of the angle is demanded, all the time dependent variables must be replaced in the next step. Moreover, some simplifications must be accepted. Firstly, reaching the desired state of the torque and stator flux amplitude values is expected to happen in the very next step, so the values can be replaced by their references. And secondly, as the rotor time constant is much greater than the stator time constant, the changes in stator part occurs in rotor part with longer time delay. Therefore, the amplitude of the rotor flux in the next step can be regarded to be the same as the actual amplitude, when the sampling time is adequately short. The following formula (8) expresses all the adjustments and assumptions mentioned above. (8) The last part of the equation (6) is the shift of the angle of rotor flux vector during one step. The expression can be achieved from the rotor voltage equation of induction motor as shown in formula (9).
(9)
Now, all the necessary variables are known and the stator voltage vector of the next step can be computed.
The block diagram of the method [6] is depicted in figure 3 . All other parameters used in mathematical model of induction motor such as R s , R r , L m or L Δ were measured or calculated under specific conditions and then the drive was kept in these conditions during the whole measurement to prevent changing the parameter values.
As a passive and adjustable load, a separately excited DC motor with its terminals connected to the sliding resistance and its shaft connected to the induction motor was employed. The voltage vector was calculated from DC link voltage level and from switching combination. The stator currents of two phases of the motor were measured using Hall's sensors and the third one was computed.
The examined control strategies themselves were implemented on dSPACE DS1103 platform and the references were given through connected computer. The switching frequency of the DTC method was limited only by the minimal time loop of the dSPACE platform in such a way that every change in switching of the transistors could be performed only once per 50 µs. The torque and flux hysteresis controllers were set to maintain minimal bandwidth that was reachable with the given switching time. To make the methods more comparable, the PWM block in the predictive method was removed and only the nearest voltage vector was chosen for the whole period. The duration of each voltage vector was set to 50 µs in order to make it corresponding with the DTC method. Also the speed controller was removed and torque reference was set directly. The very similar conditions were achieved in this way.
A. Simulation results
The tests investigating a response of the generated torque, flux amplitude, and phase currents to the step change in torque reference were performed in simulation environment and the results are shown in figure 4 . It is evident that the obtained results are very similar and both strategies are able to drive generated torque towards its reference value quickly, without overshoots and without any distortions in flux amplitude. The waveforms of torque, flux amplitude, and phase currents were examined experimentally, too. The predictive method shows lesser torque ripple and lower distortion in currents waveforms as it is presented in figure 6 . To the presented results, a few remarks must be highlighted. These results were obtained under the condition that all necessary parameters are known and they do not change with time. If some values of parameters differ from the real ones the stability of the method decreases and the waveforms become rougher. These conditions can't be ensured always in real applications as they were in laboratory. Otherwise, sophisticated methods for online identification of parameters are required to be included in the algorithm. The same problem also occurs and is often discussed in field oriented control as it also requires very accurate model of the motor. Other disadvantages of predictive method are its time consuming calculation of the induction motor model and the necessity of speed sensor.
From the results, a quick and precise response to the step change in torque reference value without overshoots is evident at both strategies. Both strategies can also handle maintaining the stator flux vector tip circular trajectory. Further, a smoother torque and current waveforms in case of predictive method are observable. The ripple in torque waveform is reduced and the current waveforms are less distorted while the switching frequency remains the same. Finally, based on the presented results, in applications where the parameter identification is not an issue and where the speed sensor is already embedded, the proposed substitution of the methods can improve the drive performance substantially.
